1. Introduction {#sec1}
===============

Heat treatment is a property enhancement process that deals with the heating and cooling of metal in a solid-state. The objective of heat treatment is to impart certain desirable properties on metals ([@bib5]). Heat treatment can be performed on metals, ceramics, and composite material. Heat-treated materials undergo phase, microstructural, crystallographic, and phase transformation ([@bib35]). The major aim of heat treatment is to enhance the mechanical properties of steel such as hardness, yield strength, tensile strength, ductility, and impact resistance. Heat treatment of steel involves the combination of controlled heating and cooling operations ([@bib4]). The cooling process could be achieved by allowing the heated material to cool slowly under natural air or by dipping it in a quenchant. As reported by [@bib19], quenching is a major process of heat treatment in enhancing the properties of carbon steel. Quenching is carried out to disallow the formation of ferrite or pearlite but to support the formation of bainite or martensite. Oil is a major quenchant (quenching medium), which consists of water, aqueous polymer solution, and various additives. Owing to the importance of quenching in the heat treatment process, several researchers had previously used different kinds of quenching media to improve the properties of steels ([@bib3]; [@bib19], [@bib20]; [@bib2]; [@bib30]; [@bib28]).

The Taguchi method was first used in 1987 by Genichi Taguchi. It is one of the prominent optimization and statistical tools used in ranking the importance of different factors for a target function ([@bib36]). Though the method was majorly applicable in experimental analysis, it could also be used in theoretical and numerical analysis ([@bib17]; [@bib27]; [@bib6]; [@bib10]). In the study of [@bib19], quenching media, heating temperature, and soaking time were identified as the major process parameters in the heat treatment of medium carbon steel (MCS). The mechanical properties evaluated were hardness, yield strength, and ultimate tensile strength. However, to optimize these process parameters, a further study involving the use of Taguchi analysis as well as Grey Relational Analysis (GRA) is required to be carried out. Taguchi method allows a fewer number of experimental tests because it uses orthogonal arrays to minimize the effects of noise factors ([@bib31]; [@bib37]). The Taguchi method utilizes a loss function to determine the deviation between the experimental results and the desired values. This loss function is further converted into Signal-Noise (S/N) ratio ([@bib7]). There are three types of quality characteristics in the analysis of S/N ratio; namely the lower-the-better, the nominal-the-best, and the higher-the-better ([@bib16]; [@bib15]; [@bib23]; [@bib21]).

Though Taguchi is a powerful optimization tool, it is not a suitable method for the simultaneous optimization of multi-objective functions ([@bib11]). Therefore, GRA was applied to the mechanical properties of MCS to obtain the order (rank) of the importance of each process factor by maximizing the hardness, YS, and UTS of MCS. The concept of the Taguchi design of experiment, which is now applicable in all fields of research was first introduced in agriculture. According to [@bib39], the Taguchi method has been widely used in engineering applications such as design, analysis, engineering management, and so on. [@bib18] optimized the heat treatment parameters for the tensile properties of medium carbon steel. The optimal factors of heat treatment such as tempering temperature, nanoparticles percentage, base media type, nanoparticles type, and tempering time that would increase the yield strength, ultimate tensile strength, and ductility of the MCS were determined using Taguchi technique. In manufacturing processes, [@bib43] optimized the rotary ultrasonic drilling of BK-17 optical glass using the Taguchi method and utility approach. The study focused on enhancing the machining efficacy by simultaneous optimization of conflicting target functions using utility approach. The L9 orthogonal array was adopted for the experimental work. Feed rate, rotational speed of the tool, and ultrasonic power were selected as process parameters to evaluate their effects on the material removal rate and surface roughness.

Several studies have been done in the utilization of combined Taguchi-based and GRA methods in optimizing different processes. For instance, milling characteristic was optimized using Taguchi-based GRA by [@bib33]. The effects of the process parameters such as depth of cut, feed rate, cutting speed, and the number of inserts on the cutting force, vibration, and surface roughness were investigated. The findings revealed that the optimum conditions were achieved at the depth of cut of 1 mm, feed rate of 0.05 mm/rev, cutting speed of 308 m/min, and the number of insert of 1. A similar study was conducted by [@bib25] to optimize the characteristic of the hole drilled by novel drill geometries. In this study, the selected input parameters were drill geometries, cutting speed, and feed rate; while the measured responses were drilling torque, thrust force, and surface roughness. It was concluded that the desired surface roughness and thrust force were obtained with the geometry 4.

[@bib29] and [@bib26] also adopted Tagugi-based GRA in the electrical discharge machining (EDM) process. In their study, [@bib29] chose peak current, pulse off time, pulse on time, and gap voltage as controllable factors. Responses such as average surface roughness, material removal rates, average layer thickness, and microhardness were obtained based on the selected controllable factors. Also, in the wire EDM process, [@bib26] affirmed that the selection of the wire electrode was the main factor that affects the quality measures in the wire EDM process; owing to its ability to create the energy required for a spark. In energy studies, Taguchi method together with the GRA was used in a sizeable number of researches such as the use of Taguchi method and GRA on a tubulated heat exchanger ([@bib12]); multi-response optimization of geometric and flow parameters in a heat exchanger tube with perforated disk inserts by Taguchi grey relational analysis ([@bib13]); and flat-plate collector process optimization with multiple quality characteristics in solar energy collector manufacturing ([@bib22]).

From the available literature, little or no study has been conducted on the application of the Taguchi-based method with GRA technique on the optimization of heat treatment parameters of MCS. Therefore, this study aims at optimizing process parameters for the enhancement of the mechanical properties of MCS by using liquids that could have been termed as wastes such as engine oil (spent), coconut, and pap water as quenchants. The study optimized the responses such as hardness, yield strength, and ultimate tensile strength of heat-treated MCS by adopting the higher-the-better characteristics. The mono-objective optimization was done via Taguchi\'s S/N analysis while Taguchi-based gray relational analysis was utilized for the multi-objective optimization of the responses.

2. Materials and experimental method {#sec2}
====================================

2.1. Specimen preparation, heat treatment, and quenching {#sec2.1}
--------------------------------------------------------

The sample used in this study is a medium carbon steel (MCS) obtained from Omu-Aran metropolis market, Nigeria. The chemical composition of the MCS is as shown in [Table 1](#tbl1){ref-type="table"}. Quenchants used were coconut water (CW), pap water (PW), and spent engine oil (SPE). With the aid of a medium-size lathe machine, specimens for hardness testing and tensile testing were prepared from MCS following ASTM standards.Table 1Chemical composition of the medium carbon steel.Table 1CSiMnSCrNiCuFe0.390.180.980.030.110.140.3797.81

For induced stress reduction during machining, metallurgical re-conditioning, phase re-adjustment, and homogenous structure, the specimens prepared were initially heat-treated to a temperature of 840 °C using a muffle furnace and normalized. The prepared specimens were later heated in a muffle furnace to 730, 760, and 790 °C, and soaked for 30, 45, and 60 min, respectively. After, the samples were quenched in the different quenchants (CW, PW, and SPE). Mechanical tests such as hardness and tensile tests were later conducted on the quenched samples.

### 2.1.1. Hardness test {#sec2.1.1}

Brinell hardness tester (EEDB 0006/43, Edibon) was used in determining the hardness values of the samples base on the [@bib9] standard. A load of 500 N was used to cause an indent on the samples using a ball indenter. The dwelling time of 15 s was used. The indented diameter value was obtained. [Eq. (1)](#fd1){ref-type="disp-formula"} was employed to evaluate the Brinell\'s hardness number (BHN) for each sample. The average value of the BHN was recorded after triplicates hardness tests were done on each sample.$$\text{BHN} = \frac{2F}{\pi D\left( {D - \left. \sqrt{}D^{2} - d^{2} \right.} \right)}$$where F is the Force (N), D is the indenter\'s diameter (mm), d is the average indentation\'s diameters (mm).

### 2.1.2. Tensile test {#sec2.1.2}

Tensile testing was done on a Testometric machine (M500-50AT model) based on the [@bib8] standard. The tensile test specimen was loaded until it fractured. Recording of the gauge lengths of the samples was done before applying load. The yield and tensile strengths of each sample were also estimated from the generated data.

2.2. Experimental design and optimization {#sec2.2}
-----------------------------------------

### 2.2.1. Taguchi method and design of experiment {#sec2.2.1}

The experimental design followed the Taguchi method to obtain the ranking of importance of different process parameters for the target functions (responses). In this study, the three (3) process parameters considered are quenchant, heating temperature, and soaking time. The three levels for each factor chosen are shown in [Table 2](#tbl2){ref-type="table"}.Table 2The three process parameters and their levels.Table 2ParametersSymbolsLevels123QuenchantACWPWSPETemperatureB730760790Soaking timeC304560

Taguchi method was applied to the heat treatment process in this study to maximize the hardness, YS, and UTS of MCS. The L~9~ orthogonal array was chosen to allow the three process parameters at the three different levels considered ([Table 2](#tbl2){ref-type="table"}). In Taguchi analysis, the values of the responses were transformed into signal-to-noise (S/N) ratios. Since all three (3) responses (hardness, YS, and UTS) were desired to be maximum, the higher-the-better performance characteristics for calculating the S/N ratio was chosen in this study by using [Eq. (2)](#fd2){ref-type="disp-formula"}.$$S/N = - 10\ \log\left( {\frac{1}{n}\sum\limits_{i = 1}^{n}\frac{1}{y_{i}^{2}}} \right)$$where n is the number of replication for each experiment and y~i~ described the result value for the i~th~ performance characteristics.

### 2.2.2. Analysis of variance (ANOVA) {#sec2.2.2}

ANOVA is a statistical tool used in determining the individual interactions and the contribution ratio of all the parameters in the experimental design. ANOVA was used to analyze the effects of quenchant, heating temperature, and soaking time on the hardness, YS, and UTS of the MCS. Since ANOVA highlights the importance order of influencing parameters on the response, it helps in validating the results obtained through the Taguchi method. In this study, Minitab 19 (Statistical software) was used for both ANOVA and Taguchi analysis.

### 2.2.3. Confirmation test {#sec2.2.3}

After establishing the optimum values of hardness $\left( Hd_{opt} \right)$, yield strength $\left( YS_{opt} \right)$, and ultimate tensile strength $\left( UTS_{opt} \right)$ using the Taguchi method, a confirmation test was conducted to validate the optimum conditions ([@bib24]). Optimum values of the responses were estimated using Eqs. [(3)](#fd3){ref-type="disp-formula"}, [(4)](#fd4){ref-type="disp-formula"} and [(5)](#fd5){ref-type="disp-formula"}:$$Hd_{opt} = m_{h} + \left( {A_{2} - m_{h}} \right) + \left( {B_{3} - m_{h}} \right) + \left( {C_{3} - m_{h}} \right)$$$$YS_{opt} = m_{y} + \left( {A_{3} - m_{y}} \right) + \left( {B_{2} - m_{y}} \right) + \left( {C_{3} - m_{y}} \right)$$$$UTS_{opt} = m_{u} + \left( {A_{3} - m_{u}} \right) + \left( {B_{3} - m_{u}} \right) + \left( {C_{3} - m_{u}} \right)$$where (A~2~B~3~C~3~), (A~3~B~3~C~2~), (A~3~B~3~C~3~) represent the values of the optimum level of hardness, yield strength, and ultimate tensile strength respectively. $m_{h}$, $m_{y}$ and $m_{u}$ are the average of all the $Hd_{opt}$, $YS_{opt},$ and $UTS_{opt}$, respectively, obtained from the experimental study. To determine if the optimum values of the responses agree with the experimental values, confidence intervals (CI) were calculated for each response ([@bib14]) using Eqs. [(6)](#fd6){ref-type="disp-formula"} and [(7)](#fd7){ref-type="disp-formula"}.$$CI = \sqrt{F_{\alpha,\ 1,fe}\mspace{9mu} V_{e}\left\lbrack {\frac{1}{n_{eff}} + \frac{1}{R}} \right\rbrack}$$$$n_{eff} = \frac{N}{1\  + T_{dof}}$$where $F_{\alpha,\ 1,fe}$ = F ratio at a 95% confidence, $\alpha$ = significance level, $fe$ is the degrees-of-freedom of error, $V_{e}$ = variance\'s error, $n_{eff}$ = effective number of replications, R = number of confirmation experiments\' replication. N = total number of experiments, and $T_{dof}$ is the total main parameters degrees of freedom.

### 2.2.4. Grey relational analysis (GRA) {#sec2.2.4}

Taguchi is an unsuitable method for the simultaneous optimization of multiple-objective functions. Hence, the GRA method was applied to achieve the ranking of importance of each process parameter on multiple performance characteristics by maximizing all the responses (hardness, yield strength, and ultimate tensile strength) simultaneously.

First, the experimental results were normalized (usually in the range of 0--1). The higher-the-better performance characteristic in [Eq. (8)](#fd8){ref-type="disp-formula"} was used for all the target functions because the maximum values of all the three responses are desired.$$\text{The}\mspace{9mu}\text{higher} - \text{the} - \text{better,}\mspace{9mu}\text{yi}\left( \text{s} \right) = \frac{x_{i}\left( s \right) - minx_{i}\left( s \right)}{maxx_{i}\left( s \right)\  - minx_{i}\left( s \right)}$$After normalization, the grey relational coefficient is calculated using Eqs. [(9)](#fd9){ref-type="disp-formula"} and [(10)](#fd10){ref-type="disp-formula"}$$\varepsilon_{i}\left( s \right)\  = \ \frac{\Delta_{min}\  + \varphi\Delta_{max}}{\Delta_{oi}\left( s \right) + \varphi\Delta_{max}\ }$$where $\Delta_{oi}\left( s \right)$ is the deviation sequence calculated from [Eq. (10)](#fd10){ref-type="disp-formula"}$$\Delta_{oi}\left( s \right) = \ \left| {x_{o}\left( s \right) - x_{i}\left( s \right)} \right|$$$x_{i}\left( s \right)$ is the comparability sequence, max $x_{i}\left( s \right)$ and min $x_{i}\left( s \right)$ are maximum and minimum comparability sequence respectively, $x_{o}\left( s \right)$ is the referential sequence, $\phi$ is the identification coefficient which ranges from 0 to 1. In GRA, using any value between 0 and 1 for $\phi$ would not change the order of importance of the parameters but 0.5 is normally chosen ([@bib27]; [@bib1]; [@bib13]; [@bib40]; [@bib22]; [@bib38]).

The grey relational grade (GRG) was then estimated by using [Eq. (11)](#fd11){ref-type="disp-formula"} before the final ranking was done.$$GRG = 0.3547\mspace{9mu} Hardness + 0.3246\mspace{9mu} YS + 0.3207\mspace{9mu} UTS$$

3. Results and discussion {#sec3}
=========================

3.1. Analysis of the signal-to-noise ratio (S/N) {#sec3.1}
------------------------------------------------

The hardness (Hd), yield strength (YS), and ultimate tensile strength (UTS), which are the responses (target functions) of the MCS, are displayed in [Table 3](#tbl3){ref-type="table"}. [Table 3](#tbl3){ref-type="table"} also presents the S/N ratios for the various responses.Table 3Experimental results and their S/N ratios.Table 3Exp No.Process parametersResponses (Target functions)S/N ratio for various ResponsesAB (°C)C (mins)Hd (BHN)YS (MPa)UTS (MPa)HdYSUTS1CW73030166.40162.90171.1044.42344.23844.6652CW76045609.97264.80268.8055.70648.45848.5893CW79060573.35358.50399.2055.16851.09052.0244PW73045349.19116.10138.5050.86141.29742.8295PW76060532.37407.40427.8054.52452.20052.6256PW79030471.59224.10252.6053.47147.00948.0497SPE73060332.27342.20399.2050.43050.68652.0248SPE76030243.48236.30277.0047.72947.46948.8509SPE79045311.41317.80342.2049.86750.04350.686

### 3.1.1. Analysis of a response (Hardness) {#sec3.1.1}

The average S/N ratios and the ranking of the importance of process parameters on the hardness value ([Table 4](#tbl4){ref-type="table"}). [Figure 1](#fig1){ref-type="fig"} represents the main effect of each parameter on the hardness of the MCS. According to [@bib11], when the highest and lowest S/N ratios variation is small, it implies that there is a relatively low effect of the parameter on the response. More so, the design parameters level with maximum S/N indicates the optimum conditions of the system. Hence, the process parameters to obtain the optimum values for maximum hardness are determined as Quenchant = PW, Temperature = 790 °C, and Soaking time = 60 min ([Figure 1](#fig1){ref-type="fig"}). This implies that when the heat treatment is done in PW at a heating temperature of 790 °C with a soaking time of 60 min, i.e. A~2~B~3~C~3~, the highest hardness can be obtained. Therefore, the optimum hardness from the operating condition range of this study is found when the heat treatment process was done under the optimum working condition (A~2~B~3~C~3~). This agrees with the study of [@bib19], which opined that CW and PW could be used as quenchants when improving the hardness of MCS.Table 4Response for S/N ratios (Hardness vs quenchant, temperature and soaking time).Table 4LevelQuenchantTemperatureSoaking time151.7748.5748.542**52.95**52.6552.14349.34**52.8453.37**Delta3.614.264.83Rank321ΣDelta12.7Weight35.4749%[^1]Figure 1The main effect plots for S/N ratios on hardness (Taguchi).Figure 1

For the results to be statistically reliable, the ANOVA method was used to validate the Taguchi analysis results ([@bib32]). This is done to estimate the percentage contribution of each parameter of the heat-treated samples in the different media on the hardness property of the MCS. The usage of the ANOVA shows the impacts of process parameters on the hardness, as shown in [Table 5](#tbl5){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"}.Table 5ANOVA results on the Hardness of MCS.Table 5SourceDFSeq SSAdj SSAdj MSF-ValueP-ValueR-sqQuenchant24790247902239511.730.3660.86Temperature25434954349271751.970.337Soaking Time26098160981304912.210.312Error2276252762513813Total8190858Figure 2Contribution ratio of each process parameter on the Hardness of MCS (ANOVA).Figure 2

Soaking time was observed to be the major process parameter on the hardness of the heat-treated MCS with an impact ratio of 31.95 % based on the ANOVA results. Contribution ratios, shown in [Table 4](#tbl4){ref-type="table"}, also indicates that the ranking of the importance of the process parameters on the hardness of the MCS was Soaking time \> Temperature \> Quenchant. The main effect plots of the Taguchi method and the ANOVA results gave a similar ranking of the effect of the process parameters on the hardness of MCS. The results in the present study affirm the report of [@bib34] on the effect of soaking time on the behaviour of carburized mild steel, where it was stated that soaking time increment has a direct influence on the hardness value increment of the mild steel used. It was similarly reported by [@bib41] that fraction of the recrystallization ferritic matrix with embedded martensitic and retained austenite grains generally tends to increase with increasing soaking time, thus, the tendency of an increased hardness in mild carbon steel. Therefore, an increase in soaking time above all other process parameters during heat treatment of MCS has the largest impact on its hardness.

### 3.1.2. Analysis of target functions (Yield strength and ultimate tensile strength) {#sec3.1.2}

[Table 6](#tbl6){ref-type="table"} shows the average S/N ratios and the rank of the importance of the process parameters on the values of YS and UTS. Figures [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} represent the effect of each parameter on the YS and UTS, respectively. It can be observed from [Table 6](#tbl6){ref-type="table"} that soaking time was ranked first with a higher influence on the yield strength of the heat-treated MCS among the three process parameters that were considered. Similarly, [Table 6](#tbl6){ref-type="table"} shows that soaking time, which was constantly ahead of temperature, had the highest influence on the ultimate tensile strength of the heat-treated MCS. The use of SPE as quenchant while operating at 760 °C and soaking for 60 min was the optimum values of the process parameters for which the maximum YS, as shown in [Figure 3](#fig3){ref-type="fig"} (A~3~B~2~C~3~). While the soaking (60 min) and the quenchant (SPE) were unchanged as the optimum values as process parameters to obtain optimum ultimate tensile strength for the treated MCS, the temperature changed from 760 to 790 °C, as shown in [Figure 4](#fig4){ref-type="fig"}. The maximum UTS was obtained when the heat treatment was done under the optimum working condition (A~3~B~3~C~3~). The ANOVA results of the effects of various process parameters on the YS and UTS are presented in [Table 7](#tbl7){ref-type="table"}, while the contribution ratios are presented in [Figure 5](#fig5){ref-type="fig"}. This corroborates the study of [@bib19]. It was stated that the usage of SPE would assist in improving the strength of the MCS. Oil gives better strength compared to water-based quenchants ([@bib3]; [@bib42]; [@bib30]); hence, for utilization in areas where strength and ductilitiy are important, SPE should be used. The ANOVA results in [Table 7](#tbl7){ref-type="table"} show that soaking time has the largest influence on the YS and UTS of the heat-treated MCS. A similar trend was observed with the contribution ratios in [Figure 5](#fig5){ref-type="fig"}, where soaking time has the highest values of 62.46 and 66.76% for the YS and UTS, respectively. Therefore, based on the contribution ratio, the important order of the process parameters on the YS of the heat-treated MCS was Soaking time \> Temperature \> Quenchant. For all the three target functions (hardness, YS, and UTS), the quenchant was less influential in determining the manner of behaviour of the heat-treated medium carbon steel when compared with other parameters such as temperature and soaking time. An increase in soaking time yielded an increase in tensile strength. This agrees with the study of [@bib41]. The study reported the influence of soaking time on the heat treatment process of MCS. The Taguchi analysis and ANOVA method used in this study also ranked the soaking time as the most influential factor, followed by the temperature, while the quenchant was ranked least. The ranking order of both methods was the same, which is a means of confirming the reliability of their use as optimization tool ([@bib11]; [@bib12]; [@bib13]).Table 6Response for S/N ratios (YS and UTS vs quenchant, temperature and soaking time).Table 6LevelQuenchantTemperatureSoaking time**Yield strength**147.9345.4146.24246.8449.3846.6349.449.3851.33Delta2.563.975.09Rank321ΣDelta11.62Weight32.46%**Ultimate tensile strength**148.4346.5147.19247.8350.0247.37350.5250.2552.22Delta2.693.755.04Rank321ΣDelta11.48Weight32.07%Figure 3Main effect for S/N ratio of each parameter on yield strength (Taguchi).Figure 3Figure 4Main effect for S/N ratio of each parameter on ultimate tensile strength (Taguchi).Figure 4Table 7ANOVA results of the effect of process parameters on the yield and ultimate tensile strengths of MCS.Table 7SourceDFSeq SSAdj SSAdj MSF-ValueP-ValueR-sq**Yield strength**Quenchant23969396919850.730.5790.92Temperature2178401784089203.270.234Soaking Time24536945369226858.320.107Error2545554552728Total872634**Ultimate tensile strength**Quenchant28040804040202.620.2760.96Temperature2168751687584375.50.154Soaking Time256197561972809918.320.052Error2306830681534Total884180Figure 5% Contribution of each process parameter on the yield and ultimate tensile strengths of MCS (ANOVA).Figure 5

### 3.1.3. Confirmation test {#sec3.1.3}

This study conducts a confirmatory check to accurately determine the correct optimization of the process. The obtained result was conducted to check if the values are within the confidence interval (CI). CI was estimated using [Eq. (6)](#fd6){ref-type="disp-formula"}. F~0.05,1,2~ = 18.51 (F-table), V~eH~ = 13813 ([Table 4](#tbl4){ref-type="table"}), V~eYS~ = 2728 ([Table 8](#tbl8){ref-type="table"}), and V~eUTS~ = 1534 ([Table 8](#tbl8){ref-type="table"}), R = 3, N = 9, T~dof~ = 6 and n~eff~ = 1.2857 ([Eq. (7)](#fd7){ref-type="disp-formula"}). Confirmation experiments were conducted based on the established optimum conditions for each target function and the result is presented in [Table 8](#tbl8){ref-type="table"}. The computed values of CI in [Table 8](#tbl8){ref-type="table"} show that experimental optimum values for each process parameter are within an acceptable limit.Table 8Experimental values obtained for each Target function based on optimum conditions.Table 8Target FunctionOptimum conditionOptimum value by ExperimentCIHardness (BHN)A~2~B~3~C~3~ (Q = PW, Temp = 790 °C, St = 60)499.23±533Yield strength (Mpa)A~3~B~2~C~3~ (Q = PW, Temp = 790 °C, St = 60)382.90±237Ultimate tensile strengthA~3~B~3~C~3~ (Q = PW, Temp = 790 °C, St = 60)325.90±178

### 3.1.4. Grey relational analysis (GRA) {#sec3.1.4}

The optimum working conditions obtained from [Table 8](#tbl8){ref-type="table"} are not the same for hardness, YS, and UTS. Hence, the multi-objective technique is required to complement the Taguchi method used. GRA method was adopted to reduce the three target functions (maximization of the hardness, YS, and UTS) of MCS into a single objective function (known as multiple performance characteristics, MPC). Using Eqs. [(8), (9), (10), and (11)](#fd8){ref-type="disp-formula"}, the result of the normalized response, grey relational coefficients (GRC), grey relational grade (GRG), and ranks were determined and presented in [Table 9](#tbl9){ref-type="table"}. The variation of the GRG is shown in [Figure 6](#fig6){ref-type="fig"}. According to [@bib22], an experiment that has the highest GRG among all the experiments gives the maximum MPC. In this study, experiment 5 gave the maximum MPC. The response was generated, as shown in [Table 10](#tbl10){ref-type="table"}, for the GRG to estimate the ranking of the importance of each parameter. Accordingly, the importance orders were ranked as Soaking time \> Temperature \> Quenchant ([Table 10](#tbl10){ref-type="table"}). [Figure 7](#fig7){ref-type="fig"} shows the main effect of each parameter on the MPC of the heat-treated MCS. The level three of each of the process parameters (A~3~B~3~C~3~) gave the optimum condition for multiple characteristics of MCS. ANOVA method was used to evaluate the results of GRG and the % contribution of each parameter, as displayed in [Table 11](#tbl11){ref-type="table"}. ANOVA method indicates that the soaking time and temperature were the two parameters with the highest effect on MPC with a % contribution of 69.41% and 25.42%, respectively ([Table 11](#tbl11){ref-type="table"}). The ranking order is Soaking time \> Temperature \> Quenchant. These results are consistent with the responses in [Table 10](#tbl10){ref-type="table"} for the grey relational grade.Table 9Normalized results, grey relational coefficients, grey relational grade and rank.Table 9Exp. No.Normalized ResultsGrey Relational CoefficientsGRGRankHardnessYSUTSHardnessYSUTS10.00000.16070.11270.33330.37330.36040.3550921.00000.51050.45041.00000.50530.47640.6715330.91740.83210.90110.85830.74870.83490.8152240.41210.00000.00000.45960.33330.33330.3781850.82511.00001.00000.74081.00001.00000.9080160.68800.37080.39440.61580.44280.45220.5072670.37390.77620.90110.44400.69080.83490.6495480.17380.41260.47870.37700.45980.48960.4400790.32690.69240.70410.42620.61910.62820.55365Figure 6GRG for the maximum performance characteristic.Figure 6Table 10Response for GRG.Table 10LevelQuenchantTemperatureSoaking time1-5.34-7.06-7.342-5.06-4.27-5.683-4.74-3.81-2.12Delta0.63.265.22Rank321Figure 7Main effect for S/N ratios of each parameter on the multiple performance characteristics.Figure 7Table 11ANOVA for Grey relational grade.Table 11SourceDFSeq SSContributionAdj SSAdj MSF-ValueP-ValueR-sqQuenchants20.007152.44%0.007150.003580.90.5270.97Temperature20.0744225.42%0.074420.037219.340.097Soaking time20.203269.41%0.20320.101625.50.038Error20.007972.72%0.007970.00398Total80.29275100.00%

4. Conclusion {#sec4}
=============

In the present study, the combination of the Taguchi method and the Gray relational analysis has been utilized to determine the optimal heat treatment process parameters required to improve the mechanical properties of medium carbon steel. The heat treatment parameters such as temperature, soaking time, and quenchant used have been used to analyze the effects on the hardness, yield strength, and the ultimate tensile strength. The experimental results were evaluated and validated by the ANOVA method. It can be concluded that:i.The optimal conditions for maximizing hardness, yield strength, and ultimate tensile strength were obtained with the combination found to be A~2~B~3~C~3~ (quenchant (PW), temperature (790 °C), and soaking time (60 min)); A~3~B~2~C~3~ (quenchant (SPE), temperature (760 °C), and soaking time (60 min)), and A~3~B~3~C~3~ (quenchant (SPE), temperature (760 °C), and soaking time (60 min)), respectively.ii.The soaking time is the most significant parameter for all the three target functions with 31.95% contribution ratio for hardness, 62.46% for yield strength, and 66.76% for ultimate tensile strength).iii.The measured values of the responses (hardness, yield strength, and ultimate tensile strength) were within a 95% confidence interval based on the confirmatory test results.iv.The Grey relational analysis and Taguchi method confirmed soaking time as the major process parameters having the highest contribution ratios that were above 60% in both casesv.The results show that the Taguchi method as well as the Grey relational analysis is a reliable method for the maximization of mechanical properties (hardness, yield strength, and ultimate tensile strength) of medium carbon steel quenched in various media.

Future studies could be considered on the effect of afore-mentioned process parameters on the properties and performance of MCS such as corrosion resistance, wear resistance, machinability and so on.
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[^1]: Bold value signifies to show the level at which the optimum condition is achieved for each process parameter.
